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Institutes for Biological Sciences, Shanghai, P.R. China; and 2Department of Biophysics, University of Bochum, Bochum, GermanyABSTRACT The role of protein-bound water molecules in protein function and catalysis is an emerging topic. Here, we studied
the solvation of an excess proton by protein-bound water molecules and the contribution of the surrounding amino acid residues at
the proton release site of the membrane protein bacteriorhodopsin. It hosts an excess proton within a protein-bound water cluster,
which is hydrogen bonded to several surrounding amino acids. Indicative of delocalization is a broad continuum absorbance
experimentally observed by time-resolved Fourier transform infrared spectroscopy. In combination with site-directed mutagen-
esis, the involvement of several amino acids (especially Glu-194 and Glu-204) in the delocalization was elaborated. Details
regarding the contributions of the glutamates and water molecules to the delocalization mode in biomolecular simulations are
controversial. We carried out quantum mechanics/molecular mechanics (QM/MM) self-consistent charge density functional
tight-binding simulations for all amino acids that have been experimentally shown to be involved in solvation of the excess proton,
and systematically investigated the influence of the quantum box size. We compared calculated theoretical infrared spectra
with experimental ones as a measure for the correct description of excess proton delocalization. A continuum absorbance can
only be observed for small quantum boxes containing few amino acids and/or water molecules. Larger quantum boxes, including
all experimentally shown involved amino acids, resulted in narrow absorbance bands, indicating protonation of a single binding site
in contradiction to experimental results. We conclude that small quantum boxes seem to reproduce representative extreme cases
of proton delocalization modes: proton delocalization only on water molecules or only between Glu-194 and Glu-204. Extending
the experimental spectral region to lower wave numbers, a water-delocalized proton reproduces the observed continuum absor-
bance better than a glutamate-shared delocalized proton. However, a full agreement between QM simulations and experimental
results on the delocalized excess proton will require a larger quantum box as well as more sophisticated QM/MM methods.INTRODUCTIONVectorial proton transfer by membrane proteins is essential
to sustain living cells. A detailed understanding of how pro-
tons are transferred by membrane proteins is a long-standing
goal. Proton transfer in such biological systems usually
takes place along protonable amino acid residues. Recent
studies showed that protein-bound water molecules also
take an active part in this transfer (1,2). Controlled proton
transfer via water molecules spanning a transient Grotthus
chain (3,4) in an intermediate protein state was also revealed
in detail (5). These studies also showed the role of protein-
bound water molecules using the light-driven proton pump
bacteriorhodopsin (bR), which is a member of the heptaheli-
cal membrane protein family of microbial rhodopsins (6,7).
Like all microbial rhodopsins, bR contains a retinal chromo-
phore, which undergoes an all-trans/13-cis isomerization
upon light activation. The isomerization drives bR through
a cycle of well-defined intermediates, resulting in one net
proton transfer per photocycle through the protein. At the
proton release site, a delocalized excess proton was experi-
mentally identified in a membrane protein for the first time
(1,2,8–10) by its characteristic broad, so-called continuumSubmitted September 10, 2013, and accepted for publication May 14, 2014.
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0006-3495/14/07/0174/11 $2.00absorbance (11,12) (hereafter referred to as the continuum
band). The excess proton is delocalized on protein-bound
water molecules and on the hydrogen-bonded amino acid
residues Tyr-57, Arg-82, Tyr-83, Ser-193, Glu-194, and
Glu-204 (1,9). This conclusion was drawn from site-
directed mutation experiments involving these surrounding
amino acids. Such mutations affect the continuum band
and thus indicate the involvement of these residues in proton
solvation (2,9). We want to point out that in this article, we
use the term ‘‘delocalization’’ in the sense of fast-changing,
multiple proton-binding sites exchanging protons in a Grot-
thus transfer mechanism. Thus, it is not a single physical
excess proton but the information of an excess proton that
is delocalized over the full release site. The model of a
protonated water cluster at the proton release site was exper-
imentally confirmed by other research groups (11,13,14).
However, to understand the molecular details of this delo-
calization, we performed ab initio quantum mechanics/
molecular mechanics (QM/MM) simulations.
There is a consensus among both experimental and
theoretical studies that the proton is delocalized at the
release site (2,9,10,15–18), but regarding the molecular
details of the delocalization in the protein ground state,
two controversial models have been proposed. Car-
Parrinello QM/MM simulations with the excess protonhttp://dx.doi.org/10.1016/j.bpj.2014.05.019
Delocalized Proton Binding in a Protein 175exclusively delocalized on the water molecules in the inves-
tigated QM box (15,19) reproduced the experimentally
observed infrared (IR) continuum band. Further QM/MM
simulations using the self-consistent charge density func-
tional tight-binding (SCC-DFTB) method (20,21), which
included the Glu-194 and Glu-204 side chains together
with the water molecules in the QM box, were also able
to reproduce the continuum band (16,17). In this case, the
excess proton became exclusively delocalized between
the two negatively charged Glu-194 and Glu-204 side
chains. However, the simulations carried out so far have
not included all residues known from the experiments to
participate in proton solvation. pKa calculations on the
release site are controversial as well, favoring a delocalized
proton on the water molecules (18) or between the gluta-
mates (17) depending on the algorithm used. The small
QM boxes suffer from an artificial symmetry of included
chemical functionalities: treating only the water molecules
by QM will allow the proton to only delocalize on them,
which inevitably will lead to a Zundel and/or an Eigen
cation (3,4). Including only the two negatively charged glu-
tamates together with the water molecules in the QM box
provides a deep, symmetric potential minimum between
the glutamates and traps the proton within.
Here, to gain a better understanding of the proton distri-
bution over multiple binding sites, we extended the former
SCC-DFTB simulations by including all residues that
have been experimentally identified to contribute to the
fine-tuning of proton solvation into the QM box. This
will especially disturb the aforementioned artificial system
symmetry within the respective QM boxes. To assess the
correctness of the described proton delocalization distribu-
tions, we analyzed the agreement between experimental
and theoretically calculated continuum bands. In agreement
with earlier simulations (15–17,19), we observed a contin-
uum band for both a proton delocalized on the protein-
bound water molecules (in the so-called protonated water
cluster QM box) and a proton symmetrically delocalized
between Glu-194 and Glu-204 (in the so-called Glu-shared
proton QM box and the small QM box). However, when we
included further amino acids in a stepwise manner, yielding
QM boxes of increasing size and asymmetry, narrow artifi-
cial absorbance bands appeared in the calculated IR spectra,
and the continuum band finally disappeared when all resi-
dues of interest were included.
These results are in contradiction to the experimentally
observed continuum absorbance. Consequently, the current
SCC-DFTB calculations are only in agreement with exper-
imental data for the small QM boxes. Therefore, instead of
focusing on increasing the quantum box size, we extended
the experimentally accessible frequency range of the contin-
uum band down to 1700 cm1 and compared the resulting
spectral line shapes with the ones calculated from small
QM boxes. Here, the extended continuum band agrees better
with the one calculated for a water-delocalized proton thanwith the one calculated for a glutamate-delocalized proton.
Furthermore, the involvement of water in proton delocali-
zation is experimentally supported, as the continuum band
is shifted by H2
18O labeling (13). This shift is not expected
for a proton that is exclusively delocalized between
Glu-194/Glu-204. In agreement with our earlier proposal
(2,9,10), we conclude that the proton is delocalized on
both the protein-bound water molecules and all surrounding
amino acids, including Glu-194 and Glu-204, in the ground
state. This includes a transiently shared proton between
Glu-194 and Glu-204, but not exclusively.
In addition, we simulated the E194D and E204D muta-
tions at the release site in small QM boxes. In these mutants,
the structure at the release site is slightly changed, becomes
asymmetric, and results in the experimentally observed
protonation of Glu-204 and Asp-204, respectively (9,10),
as also observed for the large asymmetric QM box in
wild-type (WT) protein simulations. QM/MM simulations
of these mutants with glutamates/aspartates together with
water molecules only in the QM box, containing a muta-
tion-induced asymmetry, were able to reproduce the experi-
mentally observed IR signatures for localized binding sites
and predict a protonation of Glu-204, respectively, which
indeed was found experimentally in the E194D mutant (9).
Therefore, it seems that SCC-DFTB QM/MM simu-
lations adequately describe localized binding sites. Further-
more, these results show that the degree of chemical
symmetry within the quantum box plays an important role
in excess proton delocalization. The introduction of a small
asymmetry at the release site shifts the delocalized proton to
a localized binding site and protonates a glutamic acid.
Actually, in the bR photocycle, upon proton release to the
external medium, the delocalized proton becomes tran-
siently localized in the M intermediate, and Glu-194 or
Glu-204 becomes protonated before the proton is released
to the external medium (10). This protonation is important
for the gate opening at Ser-193 in the proton diode mecha-
nism (10). We therefore distinguish between a proton
release site in the ground state with a delocalized proton,
and a transient proton exit site with a localized proton in
the M intermediate at Glu-194/204.MATERIALS AND METHODS
A detailed description of our structure preparation, QM/MM calculation,
IR spectra calculation, and PMF calculation procedures can be found in
the Supporting Material. In short, all calculations were performed with
Chemistry at HARvard Molecular Mechanics (CHARMM) (22) and used
the simulation and IR spectra calculation protocol of Phatak et al. (16)
and the potential of mean force (PMF) calculation protocol of Goyal
et al. (17). WT bR simulations were based on a membrane equilibrated
structure from our earlier simulations with a protonated water cluster
model at the release site (10) or the 1.55 A˚ ground-state bR structure of
Luecke et al. (23). E194D and E204D mutant simulations were based on
the respective crystal structures (Protein Data Bank (PDB) IDs 2WJK
and 2WJL) (10). All simulations were calculated for a trajectory length
of 1.1 ns. For calculations on the influence of different QM box sizes onBiophysical Journal 107(1) 174–184
176 Wolf et al.IR spectra, three independent sample runs were carried out and their spectra
were averaged. For the calculation of glutamate mutations, only one simu-
lation each was carried out. To facilitate spectral comparisons and enhance
the signal/noise ratio, we smoothed all spectra by calculating their running
averages with a window size of 16 cm1. Analysis of oxygen-hydrogen dis-
tances in QM boxes with glutamate-bound protons was carried out accord-
ing to the following criteria: distances between 0.9 A˚ and 1.1 A˚ were
considered as covalent bonds, distances between 1.1 A˚ and 1.5 A˚ were
considered as glutamate-delocalized (shared) proton (16), and distances be-
tween 1.5 A˚ and 2.5 A˚ were considered as hydrogen bonds. All molecular
figures were prepared with PyMOL (Schro¨dinger, LLC).RESULTS AND DISCUSSION
We first investigated the impact of the QM box size on
proton position and the corresponding changes of the con-
tinuum band. We increased the size of the QM box at theTyr83
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FIGURE 1 (A) Different sizes of the bR release site QMbox: protonated water
(green), and largeQMbox residues (orange). Each listedQMbox includes the resi
QMbox, which just includes the two glutamates and an excess proton. (B) Simulat
imentally obtained spectra (red). The color code is the same as inA. The protonated
agree with the experimentally observed continuum band. The intermediate QM b
bands are not observed in experimental spectra and seem to be an artifact of the s
and only the two sharp bands mentioned above remain. This narrowing of the cont
proton on one of the two glutamates, as observed experimentally in the ground stat
(C) Free-energy profile of the excess proton between water oxygen atoms as fo
deviation (SD). The protonated water cluster shows a clear minimum in the mid
Free-energy profile of the excess proton between glutamate oxygen atoms, as f
code is the same as in A. Values< 0.5 A˚ indicate a protonation of Glu-194, and va
QM box shows a similar energy dependence, with the minimum moved slightly
continuum band. In all systems containing water molecules and glutamates, the
Biophysical Journal 107(1) 174–184release site in a stepwise manner and compared the corre-
sponding IR spectra with experimental ones. Point mutation
experiments showed that the delocalized proton is solvated
by Tyr-57, Arg-82, Tyr-83, Ser-193, Glu-194, and Glu-204
side chains (2,9). Also the backbones of Tyr-79 and Thr-
205 contribute significantly to the solvation (9). Our initial
assumption was that an increase in QM box size by subse-
quent addition of more amino acid side chains should lead
to a better description of the release-site structure, dy-
namics, and bond networks, which should further result in
calculated IR spectra agreeing better with experimental
ones. To enhance the spectral comparison by reducing the
noise level in our calculated spectra, we calculated their
running averages (see Materials and Methods section).
Fig. 1 B shows the resulting theoretical IR spectra of
the different QM boxes in the continuum band range inwavenumber / cm-1
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ox shows two sharp bands with peaks at 1830 cm1 and 1793 cm1. These
imulation. For the large QM box, the continuum band disappears completely
inuum band into two sharp bands seems to indicate localization of the excess
e of E204DandE194DbRmutants, and in theM intermediate of theWT (10).
und in PMF calculations (black). Error bars depict the calculated standard
dle between two water molecules, indicating a Zundel ion (12,24,25). (D)
ound in PMF calculations. Error bars depict the calculated SD. The color
lues> 0.5 A˚ indicate a protonation of Glu-204. The glutamate-shared proton
toward Glu-204. Both systems therefore should be capable of producing a
energy curves clearly indicate a preference for the protonation of Glu-194.
Delocalized Proton Binding in a Protein 177comparison with the experimental continuum band. Due to
the overlap with the absorbance of protonated Asp-85 at
1762 cm1 (26), the experimental continuum band can
only be directly compared with theoretical spectra at wave-
numbers higher than 1780 cm1. The calculated continuum
bands of the protonated water cluster QM box, the QM box
with the two Glu-194 and Glu-204 side chains and an excess
proton (Glu-shared proton QM box), and the QM box with
both glutamates, excess proton, and water molecules (small
QM box) agree with the experimental continuum band
between 2000 cm1 and 1800 cm1. The small QM box,
which includes the water molecules and the glutamic
acid side chains, exhibits an artificial signature above
2250 cm1 (see Fig. S1) and small artificial bands at
1863 cm1 and 1819 cm1, which do not agree with the
experimental results. In all simulations in which the gluta-
mates were included in the QM box, the proton was
attracted by the negative charges and moved between the
two glutamate carboxylic acid side chains within a few pico-
seconds. This indicates a very deep potential minimum
between the two negatively charged glutamic acid residues.
Including more residues in the QM box does not seem to
flatten this deep potential minimum enough that the proton
is able to escape to multiple binding sites, which is the result
obtained in Fourier transform IR (FTIR) experiments on bR
mutants (9,10). The intermediate QM box, which includes
additional residues, shows strong bands at 1830 cm1 and
1793 cm1, which are also not observed in experimental
FTIR spectra. A continuum absorption is still observed,
pointing to an existing fraction of delocalized proton. The
large QM box lacks this continuum band completely, but
also exhibits the two prominent artificial bands mentioned
above. The disappearance of the continuum band when
the QM box size was increased in the simulations seems
to indicate an increasing localization of the excess proton
on one glutamate.
In summary, both the protonated water cluster and the
glutamate-shared proton system agree with the experimen-
tally observed continuum band and indicate a delocalized
proton. Contrary to intuition and earlier QM/MM calcula-
tion-based IR spectra calculations of water molecules in
contact with the retinal Schiff base, Asp-85, and Asp-212,
forming the so-called pentamer (27), increasing the QM
box size does not improve the calculated spectra. An
increase in QM box size does not lead to a delocalization
across the whole release site, which was deduced from
FTIR measurements in combination with point mutation
experiments (9,10). Instead, we observe the disappearance
of the continuum band and the appearance of protonation
bands of glutamic acids, reflecting a localized proton that
contradicts the experimental results for the BR resting state.
The glutamate-shared proton QM box and the small QM
box show a high level of symmetry with respect to the
arrangement of chemical functionalities within the QM
boxes themselves. This is an artificial situation in thesesize-reduced systems because the protein surroundings
are asymmetric, and this asymmetry is not transferred via
QM interactions but only by charge interactions across the
QM/MM border. Increasing the size by including additional
amino acid side chains, which form the first layer of residues
surrounding and interacting with the two glutamates induces
asymmetry and leads to a localization of the proton on
Glu-194. This is in contradiction to experimental results.
It seems that in SCC-DFTB, the coupling of the QM box
and the MM surroundings is not strong enough to perform
this transfer of asymmetry in small QM boxes and thus leads
to a glutamate-shared proton only. So far, QM/MM inves-
tigations have focused mainly on analyzing small QM sys-
tems (15–17,19). The newly appearing (to our knowledge)
two sharp bands indicate a protonation of one of the gluta-
mate, and were not discussed specifically in previous studies
by Goyal et al. (17) with calculations on a large QM box
(see above). However, their results also show a narrowing
of the continuum band. We think that Goyal et al. actually
computed the same collapse of the continuum band as we
did for a larger QM box, and yielded a similar pattern of
fast-exchanging fully protonated glutamates (see Supple-
mental Data Analysis, section 1, for details). However,
they might have overlooked this because it is only observ-
able if the large noise level appearing in the computed IR
spectra is reduced—a problem we were able to overcome
by using the line-smoothing method presented here.
To elucidate the reason for the observed proton localiza-
tion in larger QM boxes in detail, we plotted the glutamate
oxygen to excess proton distances and the minimal gluta-
mate oxygen/oxygen distances observed during the simula-
tions, and calculated the respective free-energy profile of
the proton on water molecules and between the glutamates
in the different QM box sizes as a PMF. A comparison of
calculated glutamate-glutamate distances with high-resolu-
tion bR crystal structures (see Supplemental Data Analysis,
section 2, and Fig. S3) indicates a mixture between the
protonated water cluster and glutamate-shared proton. Con-
cerning the PMF, the protonated water cluster shows a clear
and broad minimum in the middle between two water
molecules (Fig. 1 C), indicating a Zundel ion (4,12,25).
The Glu-shared proton QM box (Fig. 1 D) shows a similar
energy curve, with the minimum being moved slightly
toward Glu-204. The observed broad symmetric energy
minimum is a prerequisite for the appearance of a contin-
uum band (25). For the QM boxes containing Glu-194/
204, the PMF analysis confirms our assumption that small
QM boxes are artificially symmetric: in all systems with
more amino acid side chains in the QM box (intermediate
and large QM boxes), which lead to an increasing asym-
metry in chemical composition and reactivity, the energy
curves clearly indicate a preference for a localized proton
by protonation of Glu-194, with an energy difference
of ~5 kcal/mol over the protonation of Glu-204. Such a pro-
tonation explains the collapse of the continuum band intoBiophysical Journal 107(1) 174–184
178 Wolf et al.two sharp bands: they can be interpreted as strongly red-
shifted O-H stretch vibrations within the glutamate pair.
To elucidate the possible reason for the strong effect of
the QM box size, we carried out further PMF calculations
on the Ser-193/Glu-204 proton release gate (10,17,28),
and performed mechanical-embedding calculations to
assess the influence of MM charges on the QM environment
(see Supplemental Data Analysis, section 3, and Figs. S4
and S5). This gate is located at the border of the different
QM boxes. We found a strong dependence of the respective
Ser-193/Glu-204 gate PMFs on the QM box size. The me-
chanical-embedding simulations showed that the interaction
with the MM surroundings is strong enough in the small
QM box to keep the two glutamates in a position to form
a hydrogen bond and a shared proton to a certain extent.
However, this interaction is not strong enough to introduce
the asymmetry in proton distribution seen for the larger
QM boxes. To summarize, we can now confirm our assump-
tion from PMF calculations that the QM/MM border inter-
action in the current SCC-DFTB setup is not sufficient
to correctly reproduce QM interactions and thus strongly af-
fects side-chain orientations and oxygen–oxygen distances
between proton donors, and hence the proton distribution
within the QM box. Because proton transfer barriers in-
crease by several kcal/mol per 0.1 A˚ distance between
transferring oxygen atoms (29,30), even small geometrical
changes at the release site could lead to the observed proton
localization.
A major point raised by Goyal et al. (17) in support of
a glutamate-shared proton and against a protonated water
cluster is their observation that in SCC-DFTB QM/MM
calculations, the protonated water cluster is intrinsically
~20 kcal/mol higher in free enthalpy than the glutamate-
shared proton, which we observe as well. However, in their
QM/MM setup, which we used as well, only amino acid side
chains are placed into the QM box, and the protein backbone
is not treated by QM. Both amino acid side chains and water
molecules at the release site exhibit important hydrogen
bonds with the protein backbone at several sites, which
are the carbonyl groups of Tyr-79 and Thr-205 (9), and
the amido group hydrogen atoms of Ser-193 and Glu-194
(17). Including only the Ser-193/Glu-194 backbone contacts
in MP2 calculations on vacuum models of the release site
already lowered the proton affinity difference between pro-
tonated water cluster and glutamate-shared proton consider-
ably from 15.1 kcal/mol to only 7.7 kcal/mol (see Table 1 in
Goyal et al. (17)). This is close to the average error range
(2–4 kcal/mol) of comparable QM/MM methods and well
below their maximal error range (14 kcal/mol) (see Electro-
static Embedding methods in Hu et al. (31)), so the QM/MM
calculations might actually result in a wrong description
of the release-site excess proton distribution. The Tyr-79
and Thr-205 backbones were elaborated experimentally
as important hydrogen bonding partners of the protonated
water cluster (9). Therefore, a full QM treatment of theBiophysical Journal 107(1) 174–184release site, especially together with all backbone groups
involved in hydrogen bonds, surrounded by a full layer of
QM residues, would be necessary to correctly describe
the underlying proton distribution. The neglected backbone
interactions seem to shift the excess proton toward the two
glutamates. However, including the backbone in QM boxes
together with the necessary additional layer of QM residues
around the release site was beyond the range of this study
and will be analyzed in further work.
To analyze whether the localization effects of a size-
increased QM box depend on the starting structure (see
Supplemental Data Analysis, section 4), i.e., whether using
our simulation-based structure and dynamics input yields
different results than using a crystal structure and the
respective B factors, we performed additional calculations
with the ground-state crystal structure 1C3W (23) using
the structure preparation steps described by Goyal et al.
(17), and analyzed the proton distributions and continuum
bands that appeared. The resulting distance plots and IR
spectra are displayed in Fig. S6. Comparing these results
with those shown in Figs. 1 and S3, we observe the same
pattern of proton localization: whereas the Glu-shared pro-
ton QM box clearly shows glutamate–excess-proton dis-
tances indicative of a shared proton, such distances are
seldom present in the larger QM boxes. Furthermore, the
glutamate–glutamate distances found in the protonated
water cluster box fit better to the ones observed in high-
resolution crystal structures than all other QM boxes, as
observed in our simulations with a membrane/solvent-equil-
ibrated structure (see Fig. 1). Finally, the calculated IR
spectra of both intermediate and large QM boxes show the
same narrowing of the continuum band into two single
peaks as in our membrane/solvent-equilibrated system. We
have to state that in simulations of 1C3W, the three water
molecules in the protonated water cluster QM box (which
is the number observed in the crystal structure) do not pro-
duce a continuum band; therefore, more than three water
molecules must be present at the release site in bR. In
conclusion, since we observe similar localization effects
and IR spectra artifacts in both simulation- and crystal-
structure-based simulations, it appears that the localization
effect does not depend on the starting structure used, the
preparation of the structure, or the amount of water mole-
cules at the release site, and instead is a feature of the
SCC-DFTB itself.
In summary, our results show that only the two minimal
QM box sizes (protonated water cluster and Glu-shared pro-
ton) reproduce the experimentally observed continuum
absorbance, and the larger QM boxes do not. As soon as
water molecules and both glutamates are included in the
QM box, the continuum band starts to disappear and the
excess proton becomes localized by a protonation of a
single glutamate. This trend continues as additional amino
acids are included, increasing the chemical asymmetry in
the QM box: Glu-194 becomes fully protonated and the
Delocalized Proton Binding in a Protein 179continuum band vanishes. The reason for this effect seems
to be an insufficient interaction of the Glu-shared proton
QM box and the small QM box systems with their MM sur-
roundings, and a missing QM treatment of hydrogen bonds
with the protein backbone. As a result, it seems that with
increasing QM box size, the chemical potentials, especially
the proton affinities, at the release site become more and
more imbalanced. We can definitively exclude the theoreti-
cally observed protonation of a single glutamate at the
release site in the ground state, or even a partial protonation,
based on the experimental results (2,9,10,28). We need to
point out that the zero-point vibration energy for the bands
observed in the larger QM systems at ~1800 cm1 is
2.16 kcal/mol (32,33). This might allow the proton on
Glu-194 to sample a broader range of distances between
the glutamates; therefore, for a correct calculation of IR
spectra of the release site, core quantum effects need to be
included. However, we have to stress that as the main result,
the currently applied SCC-DFTB calculation method with
QM boxes including amino acid side chains, but not back-
bone atoms, results in calculated IR spectra that are not in
agreement with experimental ones. We therefore cannot
discriminate between the presence of a protonated water
cluster and a glutamate-shared proton based on the data
given so far.
Because we cannot distinguish between a protonated
water cluster and a proton shared by the two glutamates
based solely on the calculated continuum band in the spec-
tral window above 1800 cm1, we extended the observable
spectral range of the continuum band down to 1700 cm1.
Experimentally, this is difficult because the continuum
band overlaps with bands of the carbonyl vibrations of
Asp-85 at 1762 cm1, Asp-96 at 1742 cm1, and Asp-115
at 1738 cm1 (2,9,10,13,14). As the continuum band region
between 2300 cm1 and 1800 cm1 follows the shape of an
exponential function, we can fit the continuum band in this
spectral region by such an exponential function, as shown in
Figs. 2 B and S7. With the help of this function, we can
extrapolate the form of the continuum band to 1700 cm1
as well (see Figs. 2 B and S7 for details). Because of the
problems described above, we cannot use large QM boxes
for the molecular analysis of experimentally observed spec-
tral features. We therefore need to define smaller QM boxes,
which serve as representatives for possible proton distribu-
tion modes at the release site, and can be used for such an
analysis. Even though we find problems with the proton
distribution energetics, SCC-DFTB calculations provide
correct spectral information about the investigated QM
systems (34). Since only the protonated water cluster QM
box, the glutamate-shared proton QM box, and the small
QM box exhibited a continuum band, we use them as such
representatives. Given the observed QM/MM border prob-
lems, we do not aim to give an exact description of excess
proton distribution at the full release site; rather, we view
the different QM boxes as representatives of the above-discussed extreme cases of delocalization distributions:
an exclusive water delocalization and an exclusive gluta-
mate-based delocalization. We define the first two above-
mentioned QM boxes as minimal QM boxes, and use the
small QM box as an extension of these minimal boxes.
Fig. 2, B and C, show the resulting calculated continuum
bands for the two minimal model QM boxes and the small
QM box. The continuum band of the protonated water
cluster forms a continuous slope downward from large
to small wave numbers until a minimum is reached at
1650 cm1. The Glu-shared proton exhibits a minimum at
~1775 cm1. The small QM box results in a spectral line
shape comparable to that of the Glu-shared proton, but it
does not exhibit a clear minimum due to an overlap with a
band at ~1620 cm1 (see Fig. S1), most likely resulting
from water-bending vibrations. The fit of the continuum
band exhibits a slope from large to small wave numbers,
which is in good agreement with the overall line shape of
the protonated water cluster signature, but disagrees with
the results from the Glu-shared proton QM box and the
small QM box. A comparison of experimental and theoret-
ical data on the continuum-band line shape in the extended
spectral region favors a protonated water cluster.
In summary, current experimental and theoretical ap-
proaches favor an excess proton being distributed over
the full release site, including all amino acids, especially
Glu-194 and Glu-204, and protein-bound water molecules
at the release site (2,9). To the best of our knowledge, the
continuum band of a single symmetrically carboxylate delo-
calized excess proton, as proposed for Glu-194/204, has
only been seen in simulations of artificially small QM sys-
tems (16,17), and has never been observed experimentally
at all. In contrast, protonated water clusters are well charac-
terized experimentally (11) and nicely reproduce the contin-
uum band observed in bR (2). H2
18O labeling experiments
resulted in an isotopic shift of the continuum band (13).
The straightforward explanation for this result is that water
molecules, which carry the excess proton, cause the contin-
uum band. A Glu-shared proton only would not cause
a downshift of the continuum band by H2
18O labeling. We
learned that proton delocalization is strongly dependent on
the electrostatics and electronic interactions at the release
site. Due to the observed limits of QM/MM coupling,
QM/MM simulations would need to include all amino acids
at the release site with both side chains and backbone groups
in the QM box for a correct description. Because of these
very large QM systems, simulating the delocalization still
poses a benchmark problem for QM/MM calculations today.
Furthermore, nuclear quantum effects need to be included
to correctly account for zero-point energy contributions.
We further recommend the use of more sophisticated theo-
retical methods, as benchmark simulations with both sec-
ond-order (35) and third-order SCC-DFTB (36) on bulk
water with or without excess proton, as well as third-order
SCC-DFTB calculations on an excess proton solvated byBiophysical Journal 107(1) 174–184
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FIGURE 2 Analysis of the contribution of
different delocalization modes to delocalization
at the bR release site. (A) Schematics of the two
minimal model QM systems resulting in a calcu-
lated continuum band: glutamate-shared proton
and protonated water cluster. (B) Exponential fit
of the continuum band between 2300 cm1 and
1800 cm1 (orange) in comparison with the calcu-
lated spectra for protonated water cluster QM box
(black), Glu-shared proton QM box (cyan), and
the small QM box (blue). See Fig. S7 for details.
Over this spectral range, the continuum band ex-
hibits the form of an exponential function. Below
1800 cm1, the experimentally observed contin-
uum band (red) overlaps with the carbonyl vibra-
tions of Asp-85, Asp-96, and Asp-115 between
1765 cm1 and 1715 cm1. Therefore, the experi-
mental curve is upshifted as compared with the
fit. Between 1715 cm1 and 1705 cm1, where
no other bands are observed, the fitted curve again
matches the experimental curve. The overall shape
of the exponential fit is in best agreement with
the line shape from simulations with a protonated
water cluster QM box.
180 Wolf et al.protein-internal water molecules in a LS2 protein water
channel (37) showed that this method exhibits certain inac-
curacies in describing hydrogen-bond lengths, hydration-
shell structures, and the PMF of the excess proton between
water molecules. In particular, Grotthuss transfer rates are
underestimated, implying that SCC-DFTB in general tends
to prefer localized protons even on water molecules. How-
ever, we observed that the proton release to the extracellular
medium is induced by protonation of Glu-204 (10). In the
following, we will analyze whether SCC-DFTB is able to
reproduce these full protonations in bR.
Localized binding of protons at the release site can be
observed experimentally in bR in the ground state uponBiophysical Journal 107(1) 174–184mutation of Glu-194 or Glu-204 to aspartates (9,10). In
E204D, the continuum band is decreased and Asp-204
becomes partly protonated. In E194D, the continuum band
disappears and Glu-204 is protonated. Due to the combina-
tion of an aspartate with a glutamate, these mutants contain
a small chemical asymmetry at the release site already in
the smaller QM boxes, though the charge distribution
remains unchanged. We investigated the extent to which
SCC-DFTB QM/MM calculations can correctly predict
these experimentally observed protonations in the mutant
protein structures (PDB IDs 2WJL and 2WJK) (10). The re-
sulting spectra are shown in Fig. 3. The theoretical spectrum
of the E204D mutant has a decreased continuum band, in
Delocalized Proton Binding in a Protein 181agreement with experimental results, and shows a weak
band at 1727 cm1, which may originate from a protonated
carboxylate. The theoretical spectrum of the E194D mutant
lacks the continuum band, which is also in agreement with
experiments, and shows a very weak possible glutamate pro-
tonation signal at 1733 cm1. As can be seen in the inset of
Fig. 3, both carbonyl signals agree reasonably well with the
experimentally observed signals at 1712 and 1709 cm1
(10). Concerning the experimentally observed continuum
band changes, the results from the SCC-DFTB calculations
therefore are in line with the experimental results.
To analyze whether the calculated signatures of proton-
ations in E204D and E194D really result from the experi-
mentally observed protonation of Glu/Asp-204 in both
mutants (9), we performed an oxygen–oxygen and oxy-
gen–excess-hydrogen distance analysis for amino acids
194 and 204 in WT bR and Glu-194/204 mutants. The
results are presented in Fig. S8. From WT over E204D
to E194D, the amount of Glu-shared/delocalized proton
decreases stepwise and finally disappears (Fig. S8 A). The
same trend can be observed for the minimal amino acid
194/204 oxygen–oxygen distance distribution. The gluta-
mate/aspartate-shared proton system is found at a distanceAb
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FIGURE 3 Calculated continuum band and carbonyl band development
upon introduction of mutations to Glu-194 and Glu-204 (quantum box:
excess proton, water molecules, Glu-194, Glu-204 (small QM box)).
Between 2000 and 1800 cm1, the WT shows a prominent continuum
band in both calculations (yellow) and experiment (black), the E204D
mutant has a weak continuum band-like shape in calculations (orange)
and experiment (purple), and the E194D mutant lacks the continuum
band-like feature in calculations (red) and experiment (blue). This is in
agreement with experimental findings on the continuum bands in these
mutants (9,10). In the regime between 1800 cm1 and 1700 cm1, no
carbonyl bands can be observed for WT protein, and small carbonyl bands
can be observed at 1726 cm1 for E204D and at 1733 cm1 for E194D.
Compared with the respective spectra, the intensity of these bands is
much smaller than the corresponding measured bands. Inset: experimen-
tally observed carboxylic residue deprotonations in Glu-194/204 mutants
(10). In E204D (purple), deprotonation of Asp-204 can be observed
at 1712 cm1 (gray). In E194D (blue), deprotonation of Glu-204 can
be observed at 1709 cm1 (gray). These carbonyl bands correspond well
with the calculated bands at 1726 cm1 and 1733 cm1, respectively.of ~2.3–2.8 A˚. Similarly for the oxygen–hydrogen dis-
tances, the amount of Glu-shared/delocalized proton de-
creases in a stepwise manner and finally disappears from
WT over E204D to E194D. Both results are in agreement
with the stepwise loss in intensity of the continuum band
(see Fig. 2 A). However, a detailed analysis of the distance
distribution between amino acids 194 and 204, and the
appearance of an excess proton during simulation, sepa-
rately resolved for positions 194 and 204 (Fig. S8 B), reveals
that in E204D the proton is partially localized. This is in
agreement with the experimental data but in contrast to
the notion that this localization takes place at Glu-194 and
not Asp-204, which is the experimentally determined bind-
ing position in this mutant (9). In E194D, Glu-204 becomes
fully protonated. This again is in agreement with experi-
mental observations (9,10). In benchmark calculations
with both second-order (38) and third-order (21) SCC-
DFTB, carboxylic acids exhibited an increasing proton
affinity with increasing side-chain length, which is in agree-
ment with the known experimental proton affinities of
isolated carboxylic acids in water. Therefore, we assume
that the simulated aspartate protonates the glutamate due
to these resulting affinities, which is in agreement with the
idea of treating them as isolated compounds, but not with
the experimentally observed situation in bR. In our simula-
tions, we find that in each system with a mix of one aspartate
and one glutamate, the glutamate becomes protonated and
the aspartate remains deprotonated. As a result, the proton
distribution in partially or fully delocalized/shared systems
(e.g., WT and E204D) is not in agreement with conclusions
drawn from FTIR investigations, although the proton distri-
bution is in agreement with experimentally derived proton-
ation states in localized systems with full protonations.
Therefore, it seems that the proton distribution at the release
site observed in SCC-DFTB simulations in bR is in line with
models based on experimental FTIR results if only localized
protons are involved. Furthermore, it shows that induction
of a small structural and/or chemical asymmetry in the
protein surroundings already in the form of a glutamate-
to-aspartate mutation shifts the delocalized proton at the
release site to a localized binding site at one amino acid res-
idue. Although the structural and chemical changes induced
by these mutations compared with WT protein are in the
range of 0.1 A˚ and 0.1 kcal/mol, they determine the pres-
ence or absence of the continuum band. This highlights
the high sensitivity of the continuum band as a spectral
marker for such small changes, which are well below the
resolution of x-ray crystallographic methods.
Although proton localization does not take place in
WT bR in its ground state, a proton localized on either
Glu-194 or Glu-204 has been observed experimentally dur-
ing the photocycle in the M intermediate (10). Changing the
pH from 7 to 5 increases the residence time of this proton on
the glutamates, and the protonation of Glu-194/204 can be
experimentally resolved. Fig. 4 shows the absorbanceBiophysical Journal 107(1) 174–184
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FIGURE 4 Conversion of the proton storage site
into the proton release site. Left: transient gluta-
mate protonation signature in WT bR at pH 5
(purple) in overlay with transient aspartate proton-
ation signals from E194D (blue) and E204D (red)
bR mutants (10). The signal is consistent with a
full protonation of either Glu-194 and/or Glu-204
during proton release. Right: proposed molecular
mechanism during proton release. Superposition
of the release site structures of WT bR (yellow)
(PDB ID 1C3W (23)), E204D (orange) (2WJK
(10)) and E194D (red) (2WJL) (10) mutants,
showing water and amino acid side-chain position
changes during proton release (10). An Arg-82
movement triggers a shift in water positions, which
leads to the discrete localization of the proton on
Glu-194 or Glu-204. As shown in earlier simula-
tions (10), the protonation of Glu-204 leads to
opening of the release site to the bulk solvent and
release of the excess proton.
182 Wolf et al.band of the interchangeable protonation of Glu-194/204
(10) compared with the spectral signatures of Asp-194 and
Asp-204 in E194D and E204D mutant bR, respectively.
Furthermore, this result shows that a protonation of Glu-
194/204 in the BR ground state, as seen in the large QM
box simulations, would have been observed and therefore
can be excluded. The protonation of the Glu-194/204 pair
in the early M state resembles a dynamic interplay between
single protonations of Glu-194 and Glu-204. This is similar
to the situation observed above in the intermediate and
large QM boxes: introduction of chemical asymmetry by
the surrounding amino acids causes the proton to be shifted
to Glu-194. Therefore, this localization observed in our
SCC-DFTB calculations for the ground state resembles
the situation experimentally observed in the bR M interme-
diate, but not in the ground state. However, such changes in
the surrounding amino acids provide a clue as to how the
proton diode works in the protein (10). In water, a random
change in the second hydration shell of water molecules
induces proton transfer. In the protein, the transfer becomes
controlled because amino acid residues substitute for the
second hydration shell water molecules: the controlled
movement of Arg-82 during the photocycle of bR affects
the positions of the protein-internal water molecules at the
release site and induces a vectorial proton transfer (10,28).
The delocalized proton becomes localized on either Glu-
194 or Glu-204, and this is the prerequisite to open the
Ser-193 gate. In other words, a localized proton in the BR
ground state would open the Ser-193 gate too early and
prevent proton pumping. The internal water cluster would
merge with bulk water, and the proton would be released
in a classical Grotthuss proton transfer to the bulk medium,
as proposed in the proton diode model. We therefore need to
discriminate between a delocalized proton at the releaseBiophysical Journal 107(1) 174–184group in the ground state and a localized proton at the
exit site at Glu-194 and Glu-204 in the early M state. This
interplay between a delocalized and a localized proton-
binding site, as shown in Fig. 2 A, is the key of the release
mechanism.CONCLUSIONS
We conclude that a combination of SCC-DFTB calculations
and experimental FTIR spectroscopy by comparison of
measured and calculated IR spectra points to a significant
contribution of protein-internal water molecules as tempo-
rary binding sites for the excess proton at the release site
of bR. Current theoretical approaches in the form of PMF
calculations show a preference for a glutamate-shared
proton, whereas experimental FTIR results are most in
line with a delocalization over the full release site up to
Tyr-57. Furthermore, in large, chemically asymmetric
QM boxes that include all amino acid side chains known
experimentally to participate in proton solvation, the excess
proton becomes localized at Glu-194, which is not in agree-
ment with experimental observations. As a reason for this
localization, we identify geometrical changes at the release
site that arise from differences in interresidual forces across
the QM/MM box border in the different QM boxes. As pro-
ton transfer barriers are sensitive to distance differences on
the order of 0.1 A˚, even small geometrical changes can
cause this localization. We assume that the two minimal
size QM boxes, which result in a computed continuum
band (i.e., a protonated water cluster QM box and a chemi-
cally symmetric glutamate-shared proton QM box) can be
seen as two extreme cases of possible proton delocalization
modes. The continuum band in the extended spectral region
down to 1700 cm1 shows a better agreement with the IR
Delocalized Proton Binding in a Protein 183spectra calculated from the protonated water cluster QM
box than with the spectra from the glutamate-shared proton
QM box. This points to a proton delocalization via the pro-
tein-internal water molecules, which is in line with H2
18O
labeling experiments (13). However, we also do not support
the proposal that the proton is exclusively stored on the
water molecules in the form of a classical Zundel (4) or
asymmetric Eigen ion (3). Taking both experimental and
theoretical results into account, we propose that the release
site forms an amino acid-solvated protonated water com-
plex, with the proton being delocalized over both amino
acids and water molecules in the ground state, which is
clearly different from the situation in water and ice (39).
The results from calculations on different QM box sizes
and glutamate/aspartate mutants show that the position of
the excess proton is highly sensitive to small changes in
the symmetry and chemical composition of the surrounding
environment. In any case, protein-bound water molecules
are essential for the proton release mechanism, as shown
in Fig. 2 A, irrespective of the exact mode of excess proton
distribution.SUPPORTING MATERIAL
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